Josephson junctions and superconducting quantum interference devices (SQUIDS) were made by depositing thin films of YBa,Cu,O, on bicrystal substrates of Y-ZrOz and SrTiOs. The critical current density of the junctions at 77 K could be adjusted from 100 to lo6 A/cm* by selecting bicrystals with misorientation angles 19 from 45" to 0". Current-voltage curves from junctions with 022" followed the resistively shunted junction model with noise rounding close to the transition temperature. The response of the critical current to magnetic fields was Fraunhofer-like and the width (w) dependence was l/w2 due to flux focusing effects. Shapiro steps under microwave radiation were observed. SQUIDS based on these junctions had energy resolutions at 77 K down to 8.6X 10e3' J/Hz and a 10 Hz flux noise level down to 1.5 X 10e9 @Hz at 85 K. A SQUID of the Ketchen design with a flux focusing washer had a magnetic field sensitivity of 15 pT/,iHz at 77 K. The temperature dependence of the voltage modulation depth close to T, was examined and found to be in agreement with theory [K. Enpuku, Y. Shimomura, and T. Kisu, J. Appl. Phys. 73, 7929 (1993)].
INTRODUCTION
One of the main active components in superconducting electronics is the Josephson junction.' Several different circuits can be made with this device as the building block. One of the more simple of these circuits is the superconducting quantum interference device, the SQUID, which is an extremely sensitive detector of magnetic fields. The dc version of this device consists of two Josephson junctions in a loop into which the field can be coupled.* The Josephson junction can also be used in more complex circuits like (analog-todigital) AD converters and rapid single flux quantum (RSFQ) digital circuits.3
The first junctions using high critical temperature (high Tc) materials were naturally occurring grain boundaries in YBa2Cu307 (YBC0)!15 Nowadays, better controlled and more reproducible junctions are preferred. Junctions that have extensively been investigated are thin-film step-edge junctions,6*7 biepitaxial junctions,* and bicrystal junctions."" They rely on grain boundaries that occur in the film at specified positions and are the results of a modified substrate surface. In the step-edge process, steps of thicknesses comparable to the film thickness are made in the substrate by etching. When the YBCO film is grown across the edge, the c axis is tilted and at least two grain boundaries are formed. It has been possible to adjust the junction parameters by adjusting the step height and angle, but the junction reproducibility has been low.
In the biepitaxy process, a thin (lo-20 nm) seed layer is deposited epitaxially on part of a substrate. During the YBCO growth, the in-plane (a-b) orientation is different for the film grown on the seed layer compared to other parts of the substrate and, hence, grain boundaries are formed at the borders. Most processes give a 45" rotation, but misorientation angles of 18" and 27" have also been reported.*'
The simplest way to make grain boundaries in YBCO thin films with specified orientations is to use bicrystal substrates. Here, the crystal orientations of the two pieces forming the bicrystal can be chosen arbitrarily. A disadvantage of this method is the small integration scale of junctions since all junctions are aligned along the bicrystal boundary.
Bicrystals can be formed by a solid state intergrowing technique.'* Two crystals are prepared with different crystallographic orientations at the conjugating surfaces and are joined together in high pressure and at high temperature. A grain boundary is thus formed artificially between the two pieces. The grain boundary is characterized by the misorientation angle 0 given by the difference between the lattice directions in the crystals on either side of the boundary (see Fig. 1 ). The bicrystal is a template for an epitaxially grown YBCO film and the grain boundary is inherited by the YBCO film. It has been show that the grain boundary in the film wiggles back and forth over the bicrystal grain boundary on a scale of 15 nm. This behavior is related to the growth mechanism of the YBCO film.r3
To operate a SQUID at 77 K, the boiling point of liquid nitrogen, some design considerations must be taken into account. To begin with, the Josephson coupling energy of the junctions should be at least five times larger than the thermal energy, I,@,d27r>5k,Z'.'4 Here, I, is the critical current of a single junction and @, is the flux quantum h/2e=2X lo-l5 Wb. This gives a minimum critical current of 16 ,uA at 77 K for the Josephson junctions. To obtain an optimal response from the SQUID, the screening parameter /?,=2LI,/@o should be close to 1.15 L is the inductance of the SQUID loop. We thus obtain a maximum SQUID inductance of 64 pH for Josephson junctions with Z, of 16 PA. Recent calculations16 in which the coupling of the noise current from the junctions to the SQUID loop is taken into account, show that the voltage modulation depth of a SQUID at 77 K is severely reduced if the inductance is larger than 200 pH. Our design value is lower than this limit. The SQUID inductance of the traditional Ketchen square washer design (Fig. 2) has the value 1.25&, where d is the diameter of the center square hole.17 Thus, the inductance value 64 pH gives a hole diameter of 40 ,um. If we have a large flux focusing washer, and therefore a long open slit connected to the center hole, we must add an inductance of 0.3 pH/pm for the slit." This reduces the maximum size of the center hole if we want to keep the optimal inductance.
It has been shown that SQUIDS made on bicrystals can have both low white noise" and l/f noise.*' However, the lowest l/f noise reported until now has been for SQUIDS that are based on step edge junctions.*' We have chosen to investigate bicrystal junctions and SQUIDS in YBCO films. The reason is the possibility of tailoring the junctions with specified properties of critical current and normal state resistance by choosing the correct misorientation angle (0) and then to design the SQUID accordingly. The bicrystal junctions have also proven to be reproducible withint30%. *' FIG. 2 . Optical micrograph of a Ketchen type dc SQUID on a ST0 bicrystaI. The micrograph was taken through a polarizing window, and the different parts of the bicrystal can be seen.
Thin films of YBCO were deposited on bicrystals of SrTiOs(ST0) and yttria stabilized zirconia (YSZ). The films were made in a laser deposition system with a KrF, excimer laser. The deposition process has been described elsewhere.** Different deposition conditions were used when films were grown on ST0 and YSZ substrates to ensure epitaxial film growth. Not only the c-axis epitaxy is important, but also an in-plane orientation must be achieved in the deposition process. For ST0 substrates the substrate holder temperature was 780 "C and the oxygen pressure 0.8 mbar. For YSZ, a temperature of 720 "C and an oxygen pressure of 0.3 mbar were used. The substrates were glued to the heater with silver paste in both cases. The film thickness was 200 nm. A thin (40 nm) layer of gold was deposited in situ to ensure low contact resistance. The gold layer was also laserdeposited.
Before the deposition of the high T, film, alignment marks of BaF, were deposited on the bare bicrystal substrate. This made it easier to align our photomasks to the bicrystal boundary. With BaF, alignment marks, it was possible to align the patterns to an accuracy of about 1 pm. Another technique for aligning employed 200-nm-deep etch marks in the substrate using ion milling.
The patterning was made with ordinary photolithography and argon ion milling at 500 V and 0.2 mA/cm* at a pressure of 2X10w4 mbar. These parameters gave an etch rate of 6 nm/min for the YBCO film. The substrate was cooled with a Peltier element to -20 "C during the etching to avoid heating of the photoresist. The gold layer on top of the film also served to protect the YBCO layer from resist contamination. A Cr/Au (15 nm/200 nm) contact layer was then deposited by thermal evaporation. This layer was also patterned with photolithography and ion milling. A slight overetching was used to remove the in situ gold layer from the YBCO film. The deposition and patterning sequences are summarized in Fig. 3 . The strips containing the grain boundary Josephson junctions were lo-50 ,um long to make the alignment process easy, and the width varied from 1 to 20 pm. Some different SQUID designs were tested, both without and with a flux focusing washer.
The chips were measured in liquid helium or in nitrogen. A cryocooler that could be regulated between 14 and 300 K was also used. All measurements were made by the standard four-probe technique. The current and voltage signals were amplified and coupled to voltmeters that were connected to a data acquisition system. A magnetic field could be applied to the junction with the field perpendicular to the film surface. The power supply for the coils was also connected to the data acquisition system which made it simple to register many current-voltage (IV) curves at different fields. A microwave coaxial line ending just above the chip made it possible to couple a high frequency signal to the junctions.
Standard SQUID electronics were used to measure SQUID noise. The SQUID was biased with a constant current at the point of maximum voltage response. A magnetic field was modulated at loo-150 kHz to l/4 flux quantum, , and covered with a 40 nm layer of gold. These layers were patterned with photolithography and ion milling. The gold layer was deposited in situ. As a third step (c), a contact layer of 15 nm Cr and 200 nm gold was added and patterned by ion milling. In this case, a slight overetching was used to remove the first gold layer from the YBCO film to avoid shunting of the junctions. and the resulting voltage response was demodulated. The signal was then fed to a Fourier transform analyzer to determine the noise spectrum.
III. RESULTS AND DISCUSSION

A. Junctions
The critical current density of a junction is a strong function of the misorientation angle (Fig. 4) . The value of the critical current density could be varied over 4-5 orders of magnitude from 100 to lo6 A/cm2 at 77 K. The current- voltage (IV) curves for the junctions corresponded to the resistively shunted junction (RSJ) model for large misorientation angles (8>22") (Fig. 5) . The curves were noiserounded close to zero voltage. For smaller misorientation angles no normal resistance (R,) could be defined; it increased with increasing voltage, and a more flux-flowlike behavior was seen in the IV curves.
The large range of J, values was utilized in the SQUID design, where an appropriate misorientation angle was chosen in order to optimize the SQUID for 77 K operation. The normal resistance of a junction is also angle dependent, with higher values for higher misorientation angles.
It is interesting to compare the junction sizes to the Josephson penetration depth h,={@&27rM,(t+ 2X,)]}'". By using a barrier thickness t-0 nm and a London penetration depth= XL of 145 nm, we obtain a h, of 5 pm for a critical current density of 4 kA/cm2. This critical current density at 77 K is typical for junctions with a misorientation angle of about 30". At higher critical current densities, the Josephson penetration depth is smaller and becomes smaller than the junction size. This value of current density is close to the change from IV curves of the RSJ type to the onset of fluxflow.
The magnetic field response was tested for different junction sizes. This was done by measuring 50-200 IV curves at different magnetic fields. The critical current and the normal resistance vs field were then retrieved from the IV curves. The results from a measurement of this kind can be seen in Fig. 6 . In this case, a SQUID was used for the measurement, but for large fields the response from the junctions dominates over the SQUID response. The response is Fraunhofer-like, but distorted. This could indicate inhomogeneities in the junction barrier. The period of the response was checked for several junctions and they followed a llw2-dependence (w is the junction width) due to flux focusing.24
Shapiro steps were seen in the IV curves when a junction was irradiated with microwaves. The critical current could be fully depressed by the microwaves for IV curves following the RSJ model, but not in the case of the flux-flowlike curves. The Shapiro steps were visible also in this case, but they were smaller. Additional information on the microwave measurement can be found elsewhere.25
The critical current of a junction increased linearly with lowered temperature (Figs. 5 and 7) . There is no saturation in the critical current at low temperatures, at least not down to 14 K. Close to Tc, the IV curves were rounded due to thermally activated phase slippage (TAPS).26 This noise rounding is qualitatively the same as that from the AmbegaokarHalperin (AI-I) mode1.27 The effect was also seen in resistance curves for the junctions. The resistance was measured at a current of 1 @, and the resulting curves typically had a "foot" where the resistance value of the flat part was the same as the normal resistance state of the junction. The end point of the foot is generally extended to lower temperatures than expected from the AH model. This indicates increased noise in the junction that causes extra phase slippage. Part of this noise comes from the measurement system and another part can be extra l/f noise in the junction, as was observed in the noise measurements.= The normal resistances of the junctions were almost constant in temperature, from the phase slippage foot to the lowest measured point. There was a slight increase in R, (1.6% for a 2-pm-wide junction on a 36.8" ST0 bicrystal) at low temperature. This can be due to an onset of fIux flow for the higher critical current density at this temperature or a sign of a slight semiconducting behavior by the junction barrier.29 B. SQUIDS SQUIDS were made from the Josephson junctions on bicrystals of 32" (YSZ) and 36.8" (STO) misorientation angles. The voltage modulation and noise properties were examined.
Voltage modulation
The voltage modulation of the SQUIDS was measured by biasing with a constant current at a value slightly above I, and by sweeping the magnetic field. In Fig. 8 , the response from a 40X40 ,um2 SQUID loop consisting of a square arrangement of 4-pm-wide stripes is shown. The magnetic field period is 0.85 PT, which corresponds to a magnetic flux of 1.4X10-r5 Wb. This value is close to the flux quantum @a, and the deviation is possibly due to flux focusing effects. A SQUID with three junctions was also tested, and a double period was seen (Fig. 8) . This effect might be used to in-5 L "',"',"',"',"',"',"'1 0 t, "",""",'.',',"""', The SQUIDS were operated in a whole temperature range up to T,, including the TARS region, where a finite zero point resistance exists. By lowering the temperature of the SQUID, the pr. value increased with the critical current and the modulation saturated for large /IL values."
A SQUID with a flux focusing washer of the Ketchen design, a center hole diameter of 20 pm, and a slit length of 120 ,um was examined (see Fig. 2 ). This SQUID was designed for operation at 77 K, and a voltage response to an applied magnetic field was visible up to 90 K. The washer focused the applied field and the flux that penetrated the loop was six times higher than expected from the area. We can compare this value to theory3' for flux focusing of this geometry: &,JA=lld, where 1 and d are the outer dimension and hole diameter of the SQUID. For our values, 1=240 pm and d=20 ,um, we get a theoretical factor of 12. The difference can be attributed to the slit, which forms a substantial part of the SQUID hole area.
The voltage modulation of this SQUID was compared to recent theoretical predictions16 for SQUID responses at high temperature. With the estimated inductance of the SQUID of 67 pH and the junction normal resistance of 0.95 a, the fit to theory was rather good; see Fig. 9 . The SQUID inductance was calculated from a square hole approximation plus the inductance from the slit. More details on this effect are presented separately.31 2. Noise measurements Josephson junctions were made using thin films of YBCO deposited on bicrystal substrates. The N curves of the junctions followed the RSJ model for bicrystals with large misorientation angles. At lower angles, the N curves had a more flux-flowlike dependence. The magnetic field response was typically Fraunhofer-like with deviations for some junctions, indicating inhomogeneities in the barrier. The period varied as the inverse square of the width of the junction, indicating flux focusing effects. The noise rounding of the IV curves close to Tc agreed qualitatively to the Ambegaokar-Halperin model. Noise from the measurement system and possibly excessive l/f noise in the junctions gave additional rounding of the IV curves. Noise was measured at several temperatures for a bare It was possible to make SQUIDS that operate well at SQUID loop and at 77 K for the SQUID with a flux focusing liquid nitrogen temperature by using bicrystal junctions with washer. The noise characteristics were determined by a white appropriate misorientation angles. The SQUIDS were prenoise level down to a certain frequency that varied with the dictable in their behavior and parameters, e.g., the voltage temperature and had a l/f dependence below that frequency response was in agreement with theory. The noise levels of (Fig. 10) .
the SQUIDS are in the lower range of data reported so far. For the bare SQUID, which had an inductance of 70 pH, the white noise level was lower at lower temperatures. At 77 K, the white noise was 3X10-'"~$Hz which gives an energy resolution of 8.6X 10P3' J/Hz. The l/f noise had a minimum at 85 K, at which temperature the 10 Hz flux noise level was 1.5 X 10P9@$Hz. The corresponding energy resolution was 4.5X 1O-29 J/Hz. Below this temperature, the l/f noise increased due to critical current fluctuations. Above 85 K, there was also an increased noise that could have arisen from flux noise from the film. For more information on this SQUID, see Refs. 20 and 28.
The white noise level at 77 K for the SQUID with the flux focusing washer was 1.2X10V9@$Iz, which gave an energy sensitivity of 3X1O-29 J/Hz. The crossover to l/f behavior was at 260 Hz. The flux focusing from the washer gave a magnetic field sensitivity of 15 pT/$iz in the white noise region without any additional flux transformer. The slightly higher noise in this SQUID compared to the one without a flux focusing washer can primarily be considered as be caused by the higher I$, product in the bare SQUID. At this stage, it is not possible to conclude if flux noise from the washer adds to the SQUID noise.
IV. SUMMARY
